Introduction
Because present-day proteins are composed of 20 kinds of amino acids, the number of possible amino-acid sequences in a 100-residue protein is 20 100 (approximately 10 130 ), which is larger than the total number of atoms in the universe (~10 80 ). The number of proteins that may have existed in nature throughout the history of life on the Earth has been estimated to be less than 10 50 molecules (Mandecki, 1998) or 10 43 molecules (Dryden et al., 2008) . Thus, the vast sequence space available remains to be explored further, and the sequence space that remains unexplored provides an opportunity to create valuable proteins with novel structures and functions for biomedical and environmental applications. Evolutionary protein engineering or directed protein evolution has been used to create artificial proteins with novel functions (Bloom et al., 2005; Hoogenboom, 2005; Leemhuis et al., 2005; Romero & Arnold, 2009 ) by repeated mutation, selection and amplification, mimicking Darwinian evolution in the laboratory (Figure 1 ).
Using evolutionary engineering, several researchers have recently demonstrated in the laboratory how the steps of protein evolution might occur in nature. For example, Peisajovich et al. (2006) explored the plausibility of the permutation-by-duplication model of the evolution of the DNA-methyltransferase superfamily and indicated that new protein topologies can evolve gradually through multistep gene rearrangements while maintaining the function of the parent domain. Tokuriki and Tawfik (2009a) investigated the random mutational drift of several enzymes in the presence of overexpressed chaperonin and revealed that protein stability is a major constraint in protein evolution and is a buffering mechanism by which chaperonin can alleviate this constraint. Huang et al. (2008) indicated that new protein functions can be generated by combining unrelated domains and subsequently optimizing the domain interface. However, these studies have mainly focused on the relatively recent evolutionary pathways of modern proteins; none of the hypotheses regarding the early evolution of primitive proteins has yet been tested.
In this chapter, we focused on the hypothesis that proteins consisted of fewer amino acid types during the early stage of protein evolution. Although modern proteins consist of 20 amino acid types, it has been proposed that primordial proteins consisted of a smaller set of "primitive" amino acids that could have been abundantly formed on the prebiotic Earth. Additional, "new" amino acids were then gradually recruited into the genetic code (Section 2). To test this hypothesis, we used the powerful tool "mRNA display" (Section 3) and Fig. 1 . The cycle used in the Darwinian evolution of proteins. A pool of genotype molecules (a synthetic DNA library) is converted to a pool of phenotype molecules (a protein library), from which proteins with a desired property are selected (artificial selection). The genotype molecules corresponding to the selected proteins are then amplified and mutated for further selection cycles.
A hypothesis regarding the origin and early evolution of proteins and the genetic code
According to Oparin's chemical evolutionary hypothesis regarding the Origin of Life (Oparin, 1961) , a soup of nutrient organic compounds was available to the first organism on the primitive Earth. Once a self-replicating molecule formed from the primordial soup, this early replicator could have evolved to a primordial cell. Since the discovery of RNA enzymes (ribozymes) (Altman, 1981; Cech et al., 1981) , RNA molecules have been postulated to be the first self-replicating molecule to play the following two roles: storing genetic information and catalyzing a chemical reaction. Later, RNA acquired various catalytic activities (in the RNA world), and protein synthesis could have been established. Finally, the location of genetic information moved from RNA to DNA because DNA is more stable than RNA. At present, proteins are synthesized based on the information contained in DNA and have particular structures and functions that provide various kinds of biological activities.
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Thereafter, according to the coevolution theory (Wong, 1975 (Wong, , 1988 (Wong, , 2005 , the genetic code coevolved with amino acid biosynthetic pathways, and additional amino acids were introduced after production through their synthetic pathways. Recently, Trifonov (2004) deduced a list of the consensus order in which amino acids were incorporated into the genetic code on the basis of 60 criteria (Figure 2A ). This list revealed that the amino acids synthesized in Miller's spark discharge experiments (Gly, Ala, Asp, Val, Pro, Ser, Glu, Thr, Leu and Ile) appeared first, and that the amino acids associated with codon capture events (His, Cys, Phe, Tyr, Met and Trp) came last (Trifonov, 2004) . Jordan et al. (2005) verified this list using comparative genome sequence analysis of orthologous proteins in the genomes of bacteria, archaea and eukaryotes. These authors clarified that the frequencies of Gly, Ala, Glu and Pro consistently decrease in proteins while the frequencies of Ser, His, Cys, Met and Phe increase during protein evolution ( Figure 2B ). They took into consideration the concept that the amino acids with decreasing frequencies are thought to have been the first amino acids incorporated into the genetic code; conversely, all amino acids with increasing frequencies, except Ser, are probably late recruitments (Jordan et al., 2005) . The trend of transitioning amino acid composition ( Figure 2B ) corresponds well to Trifonov's list of the order of incorporation of amino acids into the genetic code ( Figure 2A ). (Trifonov, 2004) . The ranking values calculated based on 60 criteria were Gly, 3.5; Ala, 4.0; Asp, 6.0; Val 6.3; Pro, 7.3; Ser, 7.6; Glu, 8.1; Thr, 9.4; Leu, 9.9; Arg, 11.0; Asn, 11.3; Ile, 11.4; Gln, 11.4; His, 13.0; Lys, 13.3; Cys, 13.8; Phe, 14.2; Tyr, 15.2; Met, 15.4 and Trp, 16.5. (B) The trend of amino acid gain and loss during protein evolution (Jordan et al., 2005) . The amino acids for which the frequencies consistently decrease (i.e., primitive amino acids) are highlighted in blue, and the amino acids for which the frequencies consistently increase (i.e., amino acids that were probably recruited late into the genetic code) are highlighted in red.
Can native protein structure and function be achieved with such reduced alphabets? Several researchers have demonstrated that the amino acid usage of various natural globular proteins and enzymes can be restricted to 59 members while retaining their structures and functions (Table 1 ). For example, Riddle et al. (1997) simplified SH3 domains in which 90% of the sequence employed just five types of amino acids. Silverman et al. (2001) restricted 78% of the sequence of the prototypical (/) 8 barrel enzyme, triosephosphate isomerase, to seven types of amino acids. Akanuma et al. (2002) generated variants of orotate phosphoribosyl transferase in which 88% of the sequence used just nine types of amino acids. Finally, Walter et al. (2005) created an active enzyme, chorismate mutase, which was constructed entirely from nine types of amino acids. Other researchers have attempted to produce de novo proteins from designed combinatorial libraries. Hecht's group created four helix bundle proteins based on binary patterning using five types of nonpolar amino acids (Val, Met, Ile, Phe and Leu) and six kinds of polar amino acids (Asp, Glu, Asn, Lys, Gln and His) (Go et al., 2008; Kamtekar et al., 1993; Patel et al., 2009) . Jumawid et al. (2009) produced de novo p r o t e i n s w i t h a n 33 structure using a simplified binary combination of hydrophobic amino acids (Val, Ile and Leu) and hydrophilic amino acids (Ala, Glu, Lys and Thr). These experiments support the hypothesis that the full amino-acid alphabet set is not essential for the structure and biological function of proteins. However, these experiments were not focused on whether the limited sets of amino acids used are primitive or not. Thus, the hypothesis that primordial proteins originally consisted of a small repertoire of primitive amino acids that gradually increased by coevolution with amino acid biosynthetic pathways has been insufficiently supported by experimental data thus far. In the following section, we summarize molecular display technologies that can be used to experimentally demonstrate the hypothesis regarding the existence of primordial proteins.
Protein
Amino 
mRNA display for in vitro selection of proteins
In the selection of targeted functional biomolecules by directed evolution, the most important consideration is the ability to link genotype and phenotype. "Phenotype" refers to biological functions, whereas "genotype" refers to the nucleic acids coding for replication. The nucleic acid portions of RNA aptamers and ribozymes have roles in both function and replication. Proteins, however, have only functional roles and cannot be replicated. Therefore, the development of a molecular display technique that physically links genotype with phenotype is essential for directed protein evolution. As shown in Figure 3 , various molecular display techniques have been developed (Doi & Yanagawa, 2001; Matsumura et al., 2006) . In 1985, Smith discovered that exogenous peptides could be displayed on a filamentous phage by fusing peptides of interest to the coat protein of a filamentous phage (Smith, 1985) . This technology has been developed into the best-known display technique, phage display ( Figure 3A) . Phage display is a cell-based method in which proteins are expressed in Escherichia coli. Another display technique using living cells is cell-surface display ( Figure 3B ) in which proteins are displayed on the surface of living cells, such as yeast (Georgiou et al., 1997; Murai et al., 1997) or mammalian cells (Wolkowicz et al., 2005) . These cell-based display techniques have some weaknesses; the library size is limited by the number of cells and transformation efficiency (typically below 10 9 ), and some proteins that are toxic to the cell are excluded from the library. To overcome such weaknesses, completely in vitro techniques have been developed, such as ribosome display (Hanes & Plückthun, 1997 ; Figure  3C ), mRNA display (Nemoto et al., 1997; Roberts & Szostak, 1997 ; Figure 3D ) and DNA display (Doi & Yanagawa, 1999 ; Figure 3E ). Each display technique has been improved and applied to functional selection for peptides and proteins (Matsumura et al., 2006) . (Smith, 1985) . Proteins are displayed on a filamentous phage by fusing them to coat proteins of the phage. (B) Cell-surface display (Georgiou et al., 1997; Murai et al., 1997; Wolkowicz et al., 2005) . Proteins are displayed on the surface of living cells. (C) Ribosome display (Hanes & Plückthun, 1997) . Individual nascent proteins are coupled to their corresponding mRNA through ribosomes. (D) mRNA display (Nemoto et al., 1997; Roberts & Szostak, 1997) . The protein is covalently linked with its corresponding mRNA via puromycin. (E) DNA display (Doi & Yanagawa, 1999) . The protein is linked with its corresponding DNA by streptavidin-biotin interaction in water-inoil emulsion.
Techniques for mRNA display have been developed in our laboratory and independently in that of Szostak (Nemoto et al., 1997; Roberts & Szostak, 1997) . In this technique, each cellfree translated polypeptide (phenotype) in a library is covalently linked with its corresponding mRNA (genotype) via puromycin. This antibiotic is an analogue of the 3' end of aminoacyl-tRNA ( Figure 4A ) and causes premature termination of translation by binding to the C-terminus of the nascent polypeptide chain. When its concentration is very low, puromycin is transferred to the C-terminus of the full-length protein (Miyamoto-Sato et al., 2000) . Based on this property of puromycin, when mRNA lacking a stop codon is ligated with puromycin at the 3' end and translated using a cell-free translation system, an mRNA (genotype) and full-length protein (phenotype) conjugate is produced ( Figure 4B ). (Nemoto et al., 1997) .
In mRNA display, a larger number of molecules (approximately 10 12-13 ) can be handled than is possible using other cell-based display techniques such as phage display. This enables the enrichment of active sequences with low abundance from libraries with high diversity and complexity.
The typical scheme of in vitro selection using mRNA display is shown in Figure 5 . Proteins are displayed on mRNA by cell-free translation of modified mRNA as described above. After affinity selection via the protein portion of an mRNA-displayed protein from the library, selected proteins can be easily identified by amplification and sequencing of the mRNA portion. Moreover, targeted proteins with low-copy numbers can be also detected by iterative selection. In the following sections, we describe the application of mRNA display to the construction of random-sequence protein libraries with a limited set of amino acids (Section 4) (Tanaka et al., 2010) and to the selection of functional proteins from partially randomized libraries with a limited set of amino acids (Section 5) (Tanaka et al., 2011) . 
Random-sequence proteins with primitive amino acids
How frequently did functional or folded proteins occur in the RNA world? To answer this question, Keefe & Szostak (2001) selected novel ATP binding proteins from a randomsequence protein library based on the 20-amino acid alphabet using mRNA display. The authors roughly estimated that the frequency of occurrence of functional proteins is 1 in 10 11 . Over the last decade, no functional protein has been obtained from random-sequence libraries. One of the difficulties in functional selection is that random-sequence proteins that use 20 types of amino acids tend to aggregate (Mandecki, 1990; Prijambada et al., 1996; Watters & Baker, 2004) . Because primordial proteins presumably consisted of a smaller set of amino acids that could have been abundantly formed during early chemical evolution as mentioned above, random-sequence proteins that use 20 types of amino acids may have different physical properties from primordial proteins.
As shown in Table 2 , random-sequence proteins that use a limited set of amino acids reportedly have different properties from random-sequence proteins that use 20 kinds of amino acids. Although random-sequence proteins based on three kinds of amino acids (QLR proteins, which consist of Gln, Leu and Arg) tend to strongly aggregate (Davidson & Sauer, 1994; Davidson et al., 1995) , random-sequence proteins with the primitive amino acids Ala, Gly, Val, Asp and Glu, which are encoded by codons of the form GNN (N = T, C, A or G), demonstrated extremely high solubility (Doi et al., 2005) . Using mRNA display, we constructed three classes of random-sequence libraries consisting of limited sets of amino acids (Tanaka et al., 2010) ; these libraries were encoded using the codons GNN, RNN (R = A or G, encoding a 12-amino acid alphabet) and NNN (encoding the full set of amino acids). When proteins that were arbitrarily chosen from these libraries were expressed in Escherichia coli, all proteins from the GNN library were present in the soluble fraction, all of the proteins from the NNN library were present in the insoluble fraction, and the proteins from the RNN library were intermediate in character, i.e., one out of 14 RNN proteins was expressed only in the soluble fraction, 11 RNN proteins were expressed only in the insoluble fraction, and two were expressed in both fractions (Tanaka et al., 2010) . Table 2 . Biophysical properties of random-sequence proteins constructed using reduced alphabets.
Protein
What causes such difference in solubilities? To investigate this question, we examined the relationship between the solubility of random-sequence proteins and several properties of the amino acid sequences (Tanaka et al., 2010) . It has been suggested that protein solubility is strongly affected by net charge and the fraction of turn-forming residues (Gly, Asp, Pro, Ser and Asn) and is weakly affected by hydrophobicity and protein size (Wilkinson & Harrison, 1991) . We found no relation between solubility and the fraction of turn-forming residues, hydrophobicity [calculated based on the index of Kyte and Doolittle (1982) ], or protein size for GNN, RNN and NNN proteins (Tanaka et al., 2010) . The high solubility of GNN proteins could be attributed to net charge because all GNN proteins lack positively charged amino acids. Soluble RNN proteins have higher net charge and lower hydrophobicity than insoluble RNN proteins. However, the low solubility of NNN proteins with high net charge and low hydrophobicity cannot be easily explained.
Random-sequence proteins with limited sets of amino acids have been structurally characterized. QLR proteins, which have three kinds of amino acids, exhibited strong -helical content in aqueous solution but tended to aggregate, and the addition of a denaturing agent is necessary for solubilization (Davidson & Sauer, 1994; Davidson et al., 1995) . Soluble RNN proteins largely adopted random coil conformations but formed -helical structures in a hydrophobic environment (Tanaka et al., 2010) . Hence, these results indicate that RNN proteins have the potential to form at least partial secondary structures, similar to random-sequence proteins based on 20 amino acid types (Yamauchi et al., 1998) . Thus, there may be a trade-off between secondary structure formation and high solubility among random-sequence proteins (Table 2) . Other experiments showed the presence of hydrophobic clusters in GNN and RNN proteins (Doi et al., 2005; Tanaka et al., 2010) . Furthermore, GNN and RNN proteins formed monomeric structures with more compact shapes than the random-coil structures adopted by denatured proteins of similar molecular weight but had more extended shapes than the globular structures of natural proteins. That is, they probably form molten globule-like structures (Figure 6 ). However, random-sequence proteins based on 3-and 20-amino acid alphabets have been reported to form oligomeric structures due to their tendency toward aggregation (Davidson & Sauer, 1994; Davidson et al., 1995; Yamauchi et al., 1998) .
Recently, a large number of intrinsically unstructured domains that become structured only during binding to the target (i.e., induced fit) have been identified in nature (Wright & Dyson, 1999) . Moreover, artificial proteins that form well-folded structures after interaction with their target were produced (Walter et al., 2005; Vamvaca et al., 2004; Chaput & Szostak, 2004) . Such partially structured polypeptides might have been the first evolutionary intermediates, and their functions and structures would have coevolved (Tokuriki & Tawfik, 2009b) . Thus, random-sequence proteins based on the set of amino acids encoded by the codon RNN may include such evolutionary intermediates because these proteins contain partial secondary structures and hydrophobic clusters. Fig. 6 . Protein folding. In the unfolded state, the polypeptide chain adopts an entirely random conformation. In the folded state, the protein takes on a unique conformation. The protein folds into the compact native structure through an intermediate state, i.e., a molten globule state (Ohgushi & Wada, 1983) , in which much of the secondary structure (light green) is present.
Functional proteins consisting of primitive amino acids
As described in the previous section, random-sequence proteins constructed with subsets of the putative primitive amino acids (5 and 12-amino acid alphabets) have higher solubility than those constructed using the natural 20-member alphabet, although other biophysical properties remain very similar. Because the solubility of globular proteins is an important factor in the exertion of their function, it is of interest to test whether functional proteins occur more frequently in a library based on a limited set of primitive amino acids than in a library based on the 20-amino acid alphabet or other non-primitive alphabets.
To address this question, we attempted to compare the frequencies with which functional proteins occur in libraries based on various sets of amino acids (Tanaka et al., 2011) . First, we designed randomized src SH3 gene libraries in which approximately half the residues of the SH3 gene were replaced by various kinds of randomized codons ( Figure 7A ). We utilized three limited sets of amino acids: (1) the set coded by the lower half of the genetic code (RNN) contains mainly putative primitive amino acids (e.g., Gly and Ala); (2) the set coded by the upper half of the genetic code (YNN, where Y = T or C) contains many putative new amino acids (e.g., Cys, Phe, Tyr and Trp); and (3) the set coded using all bases (NNN) contains all 20 kinds of amino acids, used as a control. Subsequently, functional SH3 sequences that can bind to the SH3 ligand peptide were selected from each library using mRNA display as described in Section 3. After three rounds of in vitro selection, the contents of active SH3 domains in each round were analyzed using an enzyme-linked immunosorbent assay (ELISA) ( Figure 7B ). Functional SH3 sequences were enriched from the natural NNN library and the RNN library rich in "primitive" amino acids but not from the YNN library rich in "new" amino acids ( Figure 7B ). Fig. 7 . In vitro selection of functional SH3 proteins using mRNA display. (A) The threedimensional structure of the src SH3 domain (blue and gray) complexed with its peptide ligand VSL12 (red). The SH3 domain was partially randomized (blue). The structure was visualized using PyMol (PDBid, 1QWF; Feng et al., 1995) . (B) The fraction of functional SH3 sequences at each round of mRNA-display selection (see Figure 5 ). The total amount of the three libraries [i.e., those based on 20 kinds of amino acids (NNN), putative "primitive" amino acids (RNN) and putative "new" amino acids (YNN)] that bound to the peptide ligand before (0) and after 1-3 rounds of selection were quantified using ELISA. Error bars indicate the s.d. of four samples (Tanaka et al., 2011) .
This result experimentally supports, for the first time, in silico simulations showing that modern proteins might be simplified more easily using a set of putative primitive amino acids than by a set of putative new amino acids (Babajide et al., 1997) . We propose that this result cannot be explained based on differences in the typical biophysical properties (e.g., charge and hydrophobicity) of individual amino acids coded by RNN versus those coded by YNN for the following reasons. First, we reconstructed a randomized SH3 domain in which highly conserved positions [e.g., the ligand-binding region, the hydrophobic core and the polar surface region (Larson & Davidson, 2000) ] were fixed. Second, the amino acid compositions of the randomized regions were designed to roughly equalize the biophysical properties (i.e., the proportion of hydrophobic residues present and -sheet propensity) among three kinds of random codons and resemble those of modern proteins. Thus, the reason behind the utility of primitive amino acids remains unknown but may reflect the evolutionary constraint that primordial proteins consisted of a small set of primitive amino acids and gradually acquired new amino acids during the course of neutral evolution.
Functional SH3 sequences were enriched during the second round in the library containing primitive amino acids but not during the second round in the library based on the 20-amino acid alphabet ( Figure 7B ). Because the biophysical properties (in particular, -sheet propensity) were considered to be almost equal, it is not reasonable to suggest that particular amino acids that were not included in the library containing primitive amino acids, such as Pro, prevented the formation of secondary structure and peptide binding. Further study showed that the proteins selected from both libraries have similar biophysical properties, including ligand specificity, ligand affinity and thermostability (Tanaka et al., 2011) . Therefore, the library rich in putative primitive amino acids included a slightly larger number of functional SH3 sequences than the randomized library based on the full set of amino acids.
Interestingly, proteins selected from the library based on the primitive amino acids were more likely to be expressed in the soluble fraction in E. coli than those selected from the library based on the 20-amino acid alphabet, in agreement with the results obtained using random-sequence proteins mentioned in Section 4. Thus, increasing the content of primitive amino acids in proteins may improve not only the frequency at which folded and functional proteins occur but also their solubility.
Recently, it has been reported that such limited sets of amino acids are effective for functional selection from randomized libraries (Reetz et al., 2008; Wu et al., 2010; Zheng & Reetz, 2010) , although only a few amino acids were randomized in the active sites in these studies. Reetz et al. compared the quality of randomized libraries in which five amino acid residues around the active site of epoxide hydrolase were replaced by 20 kinds of amino acids encoded by NNK (K = T or G) or 12 kinds of amino acids (Gly, Asp, Val, Ser, Leu, Arg, Asn, Ile, His, Cys, Phe and Tyr) encoded by NDT (D = T, A or G). The NDT library produced many more variants with high activity than the NNK library (Reetz et al., 2008) . Moreover, the authors succeeded in modifying other enzymes using a library based on the randomized codon NDT, for example, by inducing allosteric effects into Baeyer-Villiger monooxygenase (Wu et al., 2010) and manipulating the stereoselectivity of limonene epoxide hydrolase (Zheng & Reetz, 2010) . Fellouse et al. (2004 Fellouse et al. ( , 2005 demonstrated that the performance of a randomized antibody library was maintained when the number of amino acid types constituting part of a randomized complementarity-determining region (CDR) in the library was reduced to just four (Ala, Ser, Asn and Tyr) or even two (Ser and Tyr).
Although protein engineering using a limited set of primitive amino acids might improve protein folding ability and the frequency of occurrence of functional proteins, the need remains to determine the most appropriate subset of amino acids for functional selection because our study (Tanaka et al., 2011) and those of Reetz's group (Reetz et al., 2008; Wu et al., 2010; Zheng & Reetz, 2010) and Fellouse et al. (2004 Fellouse et al. ( , 2005 ) simultaneously compared only a few subsets of amino acids. Some putative new amino acids may be essential for some structures and functions. For example, Cys, which might be a late recruit into the amino acid repertoire, improves structural stability by forming intra-and intermolecular disulfide bonds. A new amino acid, His, is also significant because of its role at the active center of enzymes where it binds to metal ions through the imidazole group. In the course of protein evolution, the recruitment of putative new amino acids may have generated new catalytic activities and more complicated and stable structures. This would be a reason for proteins to have employed an expanded set of amino acids rather than limiting themselves to primitive amino acids. Thus, not only putative primitive amino acids but also certain new amino acids, such as Cys and His as described above, may have been needed in the design of artificial proteins, depending on the target function.
Conclusion
Soluble, functional proteins tend to occur more frequently in libraries based on limited sets of primitive amino acids than in libraries based on limited sets of new amino acids and library based on the full set of 20 amino acids. Thus, the evolutionary engineering of proteins using limited sets of primitive amino acids may be an effective tool for the creation of artificial proteins, such as industrial enzymes and monoclonal antibodies that are used in the pharmaceutical industry.
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